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Neurotransmission through electrical synapses plays an important
role in the spike synchrony among neurons and oscillation of
neuronal networks. Indeed, electrical transmission has been impli-
cated in the hypersynchronous electrical activity of epilepsy. We
have investigated the influence of intracellular pH on the strength
of electrical coupling mediated by connexin36 (Cx36), the principal
gap junction protein in the electrical synapses of vertebrates. In
striking contrast to other connexin isoforms, the activity of Cx36
channels decreases following alkalosis rather than acidosis when it
is expressed in Xenopus oocytes and N2A cells. This uncoupling of
Cx36 channels upon alkalinization occurred in the vertebrate
orthologues analyzed (human, mouse, chicken, perch, and skate).
While intracellular acidification caused a mild or moderate increase
in the junctional conductance of virtually all these channels, the
coupling of the skate Cx35 channel was partially blocked by
acidosis. The mutational analysis suggests that the Cx36 channels
may contain two gating mechanisms operating with opposing
sensitivity to pH. One gate, the dominant mechanism, closes for
alkalosis and it probably involves an interaction between the C-
and N-terminal domains, while a secondary acid sensing gate only
causes minor, albeit saturating, changes in coupling following
acidosis and alkalosis. Thus, we conclude that neuronal Cx36
channels undergo unique regulation by pH; since their activity is
inhibited by alkalosis rather than acidosis. These data provide a
novel basis to define the relevance and consequences of the
pH-dependent modulation of Cx36 synapses under physiological
and pathological conditions.
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G ap junction channels are the structural basis of the synapses
that provide a low resistance pathway for direct electrical
signaling between neurons (1). The discovery of mammalian
connexin36 genes (Cx36) and their vertebrate orthologues, the
first connexin isoform with a preferential expression in neurons
(2-6), has considerably advanced our understanding of the
prevalence and physiological importance of electrical neuro-
transmission. Cx36 is expressed strongly during development and
although it is more weakly expressed in adults, it persists in
specific neurons in the retina, hippocampus, neocortex, inferior
olive, several brain-stem nuclei, and spinal cord, among others.
Cx36 has been identified at ultrastructurally defined electrical
synapses in many neuronal types that are believed to be elec-
trically coupled (7-11). However, despite the prevalence of Cx36,
some central neurons may be coupled by other connexins (12).
Electrical synapses have been implicated in several physiological
aspects of brain function and in anomalous population activities
characteristic of epilepsy (13, 14). Mice lacking the Cx36 gene
showed very little electrical coupling between hippocampal and
neocortical interneurons and disruption of the 30-80 Hz +y-os-
cillations (15, 16). In addition, fewer sharp wave high-frequency
(approximately 200 Hz) ripple oscillations and attenuation of
epileptiform discharges evoked by 4-aminopyridine have also
been reported in hippocampal slices (17). Cx36 knock-out mice
provide evidence that Cx36 synapses synchronize spikes in
several areas, including the thalamic reticular nucleus (18),
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inferior olive (19), mitral cells of the olfactory bulb glomeruli (9),
suprachiasmatic nucleus (20), and locus coeruleus (10). In the
retina, the loss of Cx36 causes deficient scotopic vision due to the
impairment of electrical synapses in the rod pathway (21).

A fundamental aspect of electrical neurotransmission medi-
ated by Cx36 is its plasticity, given that the conductance of the
constitutive neuron-to-neuron channels formed can be easily
regulated (22-25). However, the sensitivity of Cx36 synapses to
the intracellular proton ion concentration has not yet been
studied in detail. The intracellular pH of central mammalian
neurons can acidify or alkalinize by tenths of a pH unit under
physiological conditions and in numerous pathological situations
(26). We have quantified the effects of intracellular pH (pH;) on
Cx36 junctions using in vitro systems, and we found that unlike
other connexins, alkalinization rather than acidification reduces
the junctional conductance of Cx36 channels from all vertebrate
species tested. Structural components involved in this novel kind
of pH gating have been identified.

Results

Intracellular Alkalinization Inhibits the Activity of Cx36 Channels.
Intracellular acidification and alkalinization exert opposite ef-
fects on the conductance (Gj) of Cx43 and Cx36 junctions (Fig.
1). Acidification with 100% CO; produces a drop in the pH; from
7.24 t0 6.49 and causes complete and reversible uncoupling of rat
Cx43 oocyte pairs (27). By contrast, this change in pH; somewhat
increased the G; of human (h) Cx36 to 112.47 = 1.35% (n = 12;
Student’s ¢ test P < 0.05) of its value at the resting pH;.
Conversely, while alkalinization of the pH; to 7.91 slightly
increases the Gj of Cx43 (112.90 * 2.3%; n = 9, P < 0.05), it
reduced the G; of hCx36 to 39.4 = 1.7% of the resting value.
Again, alkalinization induced uncoupling was reversed when the
pHi returned to the control level after washing with a pH 7.40
solution. Similarly, hCx36 channels expressed in N2A4 cells
responded to alkalosis (pH; approximately 7.83) with a reversible
blockage of coupling by 52.6 * 1.8%, while acidosis (pH;
approximately 6.37) caused a small increase in G; (109.05 =
3.4%; n = 10, P < 0.05). The pH-dependent changes in G, were
similar in magnitude to those observed in oocytes but they
followed a faster time course of 1-3 min, reflecting the more
rapid variations of pH; in N2A cells. The pH; sensitivity of hCx36
channels can be described by a monotonic curve with a half
channel activation at a pKy 7.86 (Fig. 2). Indeed, above the
reference value at a resting pH; approximately 7.24, G; increased
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Alkalinization reduces the electrical coupling mediated by neuronal Cx36 channels. Cell pairs coupled through rat connexin43 (rCx43) and human

connexin36 (hCx36) junctions that were exposed first to control medium (pH, 7.40) and then superfused with acidic or basic solutions (bars) before again
switching them to the control medium while the junctional conductance (Gj; black) was monitored and the pH; (pH;; red) was measured with SNARF-1. G; was
normalized relative to its value at the resting pH,. (A) Acidification typically causes a rapid and reversible uncoupling of Cx43 (Upper) but it slightly increases
the Cx36 Gjbetween the oocyte (Middle; n = 12, P < 0.05) and N2A cell pairs (Bottom; n = 10, P< 0.05). (B) Alkalinization produces a mild increase in Cx43 coupling
(upper; n =9, P<0.05) yet it reversibly reduces the G; for Cx36. Note that the G;jin the Cx36 oocytes tends to decrease somewhat before it increases upon acidosis
(arrow), while a small increase in G; typically precedes the uncoupling with alkalosis (arrowhead). Data in Figs. 1-5 represent the mean values = SE. (n = 9-12).

to a maximum of the 128.28 = 12.46% at pH; 5.66 while it
decreased in a more pronounced manner in the basic direction
to 27.83 * 8.5% at pH; 8.16.

The human Cx36 gene has easy recognizable orthologues
across the vertebrate phyla (2-6). Alkalinization-induced un-
coupling was observed in all of the channels analyzed including:
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Fig. 2. pH; sensitivity of human Cx36 junctions. The curve was constructed
with the steady state values of G; in oocytes (®) and in N2A cells (O) after
stabilization of the pH;value following each pH stimulus (n = 12). The average
Gj/pH;relationship was fitted with a four-parameter sigmoidal function of the
form: Gj = Gjmax/(1+exp(slope(pHi-pKy)), where G;j is maximal at the acidic
extreme (Gjmax = 1.17) and decreases in the alkalotic direction with a midpoint
channel activity parameter pKy of 7.86.
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mouse Cx36 (m), chicken 35.1 (ch), skate (s), and perch (p) Cx35
(Fig. 3). Like hCx36, the blockage at pH; 7.92 was pronounced
in mCx36 and pCx35 junctions, which decreased the G to 39.5 =
2.5% and 27.0.5 = 1.9%, respectively, while the G; of chCx35.1
(50.5 £ 0.8%) and sCx35 (56.4 = 1.4%) was less sensitive.
Acidification with 100% CO; (pH; 6.48) caused a minor increase
in the G; of mCx36 and pCx35 (to 109.9 = 0.4% and 107.7 *
0.3%; n = 9, P < 0.05), as in hCx36, and a somewhat greater
increase in chCx35.1 (to 138.9 = 2.3%; n = 9, P < 0.05). By
contrast, acidosis induced a rapid partial uncoupling of sCx35
that was saturated at 88.2 = 2.3% (n = 9, P < 0.05).

Molecular Mechanisms of pH Gating. To identify the structural
components involved in the regulation by pH, various mutations
were generated within the three cytoplasmic domains of hCx36.
Of these, the H18Q substitution at the amino-terminal domain
(NT-H18Q) and the deletion of residues 1.282-V321 at the distal
portion of the carboxy-terminal domain (CT-L282stop) altered
pH sensitivity in the same way (Figs. 4 and 5). Both mutant
channels responded to extreme alkalinization (pH; 8.20) with a
modest increase in G; (to 116.3 * 2.8% for H18Q and 113.6 *
5.1% for L282stop; n = 12, P < 0.05), in striking contrast with
the uncoupling effect observed in the wild-type junctions (to
26.5 £ 2.5%, Fig. 4A4). For extreme acidosis (pH; 5.73), the minor
increase in the wild-type Gj (to 125.7 £ 11.3%; n = 12, P < 0.05)
also disappeared in these mutants and was substituted by a small
yet rapid reduction in G; (to 76.5 * 2.1% in the NT-H18Q
mutant and 85.1 = 3.2% for the CT-L282stop mutant; n = 12,
P < 0.05, Fig. 4B). In summary, these two mutations abolished
the gating responsible for the reduction in G; upon alkalosis and

Gonzélez-Nieto et al.
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Alkalinization-induced uncoupling is common among Cx36 orthologues. Oocytes were injected with the RNAs encoding for mouse Cx36 (mCx36),

chicken Cx35.1 (chCx35.1), perch Cx35 (pCx35), and skate Cx35 (sCx35). (A) Intracellular acidification induced small increases in the G; of mCx36 and pCx35 and
amoderate rise in chCx35.1, while the G;j of sCx35 decreased slightly (n = 9, P < 0,05). (B) By contrast, alkalization caused a marked reduction in the G; of mCx36
and pCx35 and a moderate decrease in chCx35.1 and sCx35. Arrows and arrowheads as in Fig. 1.

the increase following acidosis. Moreover, these mutations un-
masked a novel acidic sensitivity that only caused minor changes
in Gj but in the opposite direction (Fig. 54). The deletion of
residues S101-Q155 in the cytoplasmic loop (CL-delS101-Q155)
significantly reduced the junctional conductance at the resting
pH (wt: 2.54 = 0.57 uS vs. delS101-Q155: 0.39 = 0.21 uS; n =
23 pairs, P < 0.01), although it induced a larger increment in G;
in response to acidosis than the wild type at this pH; (approxi-
mately 7.5 fold at pH; 5.84, Figs. 4B and 5B). For alkalosis (pH;
8.18), G; decreased to 21.6 = 1.2%, which was only slightly
smaller that the wild-type coupling. Thus, this mutation shifted
the pH sensitivity curve toward the acid side by more than one
pH unit (from a pKy 7.86 to 6.67), while the slope of curve did
not change significantly (Fig. 5B Inset). Such a displacement
justifies the low levels of coupling observed at the resting pH.
The double delS101-Q155 and H18Q mutant was indistinguish-
able from the single H18Q mutant described above (data not
shown). Hence, the shift in the pH curve caused by the delS101-
Q155 mutation can be exclusively attributed to an effect on the
alkalotic mechanism. The deletion of residues R182-V204 at the
carboxyl extreme of CL domain did not yield functional chan-
nels, while the deletion of residues N156-S185 in the middle of
CL domain did not affect channel formation or modify regula-
tion by pH (data not shown).

Discussion

We show here that the neuronal channels made up of human and
mouse Cx36, chicken Cx35.1, and perch and skate Cx35 are
inhibited by alkalosis, in striking contrast to channels comprised

Gonzaélez-Nieto et al.

of other connexin isoforms whose conductance decreases upon
acidosis (28). Alkalinization-induced uncoupling is similar in
hCx36, mCx36, and pCx35 and somewhat less marked in
chCx35.1 and sCx35. Conversely, acidosis at pH; approximately
6.5 results in a mild increase in the conductance of hCx36,
mCx36, and pCx35 channels (to approximately 110-115%) and
a moderate increase in chCx35.1 channels (to approximately
140%). The sole exception is that of sCx35 junctions, which
clearly show a biphasic pH dependence since their conductance
also decreases following acidosis, albeit in a less pronounced
manner than after alkalosis. Recently, this kind of dual pH
sensitivity has also been observed in the gap junctions of cardiac
myocytes (29). In previous studies in vitro, wherein the effect of
alkalization was not explored and the experiments were carried
out without measuring the pH;, a partial uncoupling effect of
acidosis on sCx35 was also observed (22). By contrast, full
uncoupling of mCx36 was reported following the application of
100% CO,, although this was probably due to channel rundown
since there was no recovery of coupling after washout (figure 6
in ref. 30).

The remarkable conservation of the regulation of Cx36 or-
thologues by pH; suggests the presence of fundamental mecha-
nistic and structural components. Mutagenesis of hCx36 suggests
the existence of two distinct mechanisms controlling the re-
sponse to changes in pH: principally, an alkali gate and second-
arily, an acidic gate. The absence of hysteresis in the GjjpH;
relationships for alkalinization and the subsequent reacidifica-
tion, and for the inverse process (Fig. 5), indicate a direct effect
of pH; on the channel protein. Alkalotic gating was abolished by
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Fig. 4.

Mechanisms of pH gating. Human Cx36 was mutated in its three cytoplasmic domains (Left Column) by creating the H18Q substitution in the

NT-domain (NT-H18Q), the deletion of residues S101 to Q155 in the cytoplasmic loop (CL-delS101-Q155), and a truncation of the CT-domain at position
282 (CT-L282stop). The NT-H18Q and CT-L282stop mutations abolished the uncoupling at alkalosis (A) and the mild increase in G; following acidosis of wild
type junctions (HCx36wt) (B). Moreover, these mutations induced a novel pH regulation characterized by minor increases and decreases with alkalosis and
acidosis, respectively (n = 12, P < 0.05). The CL-delS101-Q155 mutation reduced the G; for alkalosis to a similar level as in the wild type and induced a large

increment in the G; following acidosis.

either of the two mutations, the NT-H18Q and the CT-L282stop.
Mechanistically, a simple interpretation of these data is that the
NT- and CT-domains may interact under alkalotic conditions to
close the channel. Functional and structural studies conducted
mainly in Cx43 have led to the proposal that acidic pH gating
follows a “particle-receptor” model, in which the CT-domain
acts as a “gating particle” that binds in a pH-dependent manner
to a specific region in the CL-domain (acting as a “receptor”),
thereby occluding the channel pore (27, 31, 32). The location of
the alkaline pH sensor remains elusive in our study, although the
marked shift of the titration curve toward the acidic side caused
by the CL-delS101-Q155 mutation suggests that this particular
region of the CL would exert a strong influence over the proton
sensor of wild type channels. In the two-gate model of Cx36
channels, the acidic pH gating unmasked by the NT-H18Q and
CT-L282stop mutations could partially counteract the effects
mediated by the alkalotic mechanism, and this may be respon-
sible for the small biphasic changes in G; observed in the wild
type hCx36 channels. The acidic gate can also explain the net
effect of uncoupling upon acidosis of sCx35, since in these
particular channels the contribution of the alkalotic mechanism
at an acidic pH is negligible [supporting information (SI)
Fig. S1].

The cytoplasmic domains of Cx36 involved in the alkalotic
mechanism of pH have also been implicated in channel traffick-
ing and other forms of gating. Indeed, the four most C-terminal

17172 | www.pnas.org/cgi/doi/10.1073/pnas.0804189105

amino acids are directly implicated in the binding of the zonula
occludens-1 scaffolding protein (33) and more proximally, a
calmodulin binding site was mapped to residues 273-291 (34).
Furthermore, the protein kinase A-mediated phosphorylation of
Cx36 that induces uncoupling occurs at S293 and S110 of the CT-
and CL-domains (25). These multiple functions raise the possi-
bility of dynamic interactions between pH gating and other
regulatory mechanisms, as reported for other connexins (35, 36).
In this respect, we found that the voltage gating properties of
wild type Cx36 junctions did not vary significantly at low or high
pH values, and the mutations in Cx36 that eliminate or alter the
alkalotic mechanism of pH apparently leave the voltage sensi-
tivity intact (Figs. S2 and S3).

The intracellular proton concentration exerts profound effects
on neuronal excitability and brain function, but the exact con-
tribution of the pH-dependent modulation of electrical neuro-
transmission is still to be determined. Accordingly, the alkalotic
pH sensitivity in vitro reported here indicates that the modula-
tion of Cx36 synapses by pH; cannot be anticipated by the general
rule derived from other connexins, whose channels tend to close
following acidification. Conversely, the G;/pHi curve for hCx36
channels with a half-maximal activation around a pH; 7.86
predicts a modest enhancement of electrical transmission under
extreme acidic conditions and more pronounced reductions with
pH; deviations in the alkalotic direction. Given the widespread
distribution of Cx36-mediated synapses in the mammalian cen-

Gonzélez-Nieto et al.
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equation (solid lines) of the form G; = Gjmax/(1 +pKa/pH)h + Gjmin and with
the parameters for NT-H18Q of maximal Gjmax and minimal Gjyin conduc-
tance of 1.16 and 0.7, a midpoint channel activity pK, = 7.15, and with a Hill
coefficient h = 3.7 and the parameters of Gjmax = 1.14 and Gjmin = 0.8, a
pKs = 6.94 and a h = 3.3 for the CT-L282stop mutant. The theoretical
titration curve for the alkalotic mechanism suppressed by these two mu-
tants corresponds to a Hill equation with a Gjmax = 1.36, a Gjmin near zero,
apK, =7.57and a h = 2.6 (broken black line). (B) The curve for CL-delS101-
Q155 channels (blue) shows a large increase of G; for acidosis in concor-
dance with the displacement of pKy 7.86 to 6.68 (Inset).

tral nervous system, this kind of pH-dependence could regulate
the strength of electrical transmission in every major region of
the brain and retina. Outside of nervous tissue, Cx36 also
mediates electrical coupling in the B-cells of pancreatic islets
wherein it plays an important regulatory role in the control of
insulin secretion (37). Since the electrical synapses formed by
Cx36 channels do not close upon acidosis, neurons expressing
Cx36 may remain coupled even if the pH; drops (38), as
happens during retinal or brain ischaemia, and the spreading
depression. On the other hand, the hyperventilation (hypo-
capnia) used clinically to detect epilepsy, and certain com-
pounds such as ammonium ions, would be expected to reduce
Cx36-mediated neurotransmission by virtue of raising the pH
in the interior of cells. Although no mutations in the amino
acid sequence have yet been found, there is evidence of an
allelic and genotypic association of the Cx36 gene with juvenile
myoclonic epilepsy (39).

Gonzaélez-Nieto et al.

Methods

DNA Constructs. While total RNA from adult mouse brain and chicken
embryos (developmental stage HH17) was extracted according to the
manufacturer’s instructions (Invitrogen-Life Technologies), total RNA from
human brain was obtained commercially (Ambion). Reverse transcription
and amplification of cDNA by PCR (PCR) was carried out using the Access
RT-PCR system (Promega) with slight modifications and the primer se-
quences are shown in Table S1. For oocyte expression, cDNA fragments
encoding human Cx36 (966 bp, GenBank Accession number: AF153047; ref.
6), mouse Cx36 (966 bp, AF016190; ref. 5), chicken Cx35.1 (915 bp,
AY700221) and skate Cx35 (909 bp; U43290; ref. 2) were inserted into the
pBSXG vector (40). The original perch Cx35 ¢cDNA construct (915 bp;
AF059183) cloned into a pcDNA 3.1 Zeo (+) vector was also used in this
study (4). Human Cx36 cDNA was subcloned into the bicistronic pIRES2-
EGFP vector (Clontech) for transfection into the N2A cell line. Site-directed
mutagenesis of hCx36 and sCx35 cDNA in the pBSXG vector was performed
by PCR with modified primers that annealed back-to-back and that ampli-
fied the whole vector (as indicated in Table S2).

Expression Systems. Isolation of Xenopus laevis oocytes and cRNA synthesis
and itsinjection were performed as described previously (41). Oocytes were
injected with the cRNA encoding Cx36 and rCx43 (0.5-1.0 ng/pl, 50 nl/
oocyte) mixed with an antisense Cx38 oligonucleotide (15 ng/oocyte) to
block endogenous expression of this connexin. The murine neuroblastoma
2A cell line (N2A; ATCC, CCL131) was cultured and transfected with the
pIRES-hCx36-EGFP vector as described previously (42).

Electrophysiology and pH; Measurement. Junctional conductance (g;) was
measured by the double dual-electrode voltage-clamp technique in oo-
cytes (41) and by the dual whole-cell patch clamp technique in the EGFP-
positive N2A cell pairs (23). The microelectrodes for oocytes were filled 3 M
KCl, 1 mM EGTA, 5 mM Hepes, pH 7.15 and had a resistance of approxi-
mately 0.5 MQ. The patch electrodes had a resistance of approximately 5
MQ when filled with (in mM) 120 K-aspartate, 10 NaCl, 1 CaCl,, 1 MgCl, 10
EGTA, 5 ATP, 5 Hepes, pH 7.20. Cell pairs were placed into a recording
chamber (1 ml) and first superfused with control media (pH 7.40) at a flow
rate of 3 ml/min and then with the acidic or basic solutions. Once the new
stable pH; was reached, they were again switched to control pH medium.
The g; was monitored by applying repetitive transjunctional voltage pulses
of +20 mV, 500 ms and 0.016 Hz at a holding potential of —40 mV in
oocytes, and of —20 mV, 200 ms and 0.1 Hz at 0 mV in N2A cells. Paired
oocytes with g;jvalues of 0.5-5 uS and N2A cell pairs with values of 0.77 =
0.25 nS were included in the study. The external control solution (pH, 7.40)
was ND96 medium for the oocytes (in mM: 96 NaCl, 2 KCl, 1 MgCly, 1.8 CaCly,
and 5 Hepes- or 20 Tris-buffer), while the bath solution for the N2A cells was
(in mM): 140 NaCl, 4 KCl, 2 CsCl, 2 CaCly, 1 MgCly, 1 BaCly, 2 pyruvate, 5
glucose, and 5 Hepes- or 10 Tris-buffer. Intracellular acidification was
achieved by superfusion with Hepes-buffered solutions saturated with
100% CO; (pH, 6.0), a bicarbonate-buffered solution containing 5 mM
NaHCO3 and 5% CO; (pH, 6.5), and with a sodium acetate-solution (in mM:
103 sodium acetate, 20 NaCl, 1 KCl, 2.4 NaHCOs3, 0.82 MgSO,4, 0.74 CaCl; and
20 Hepes, pHo 5.8). The Tris-buffered saline solutions were prepared by
adding the appropriate amounts of Trizma HCl and Trizma base (Sigma) to
adjust the pH, to 7.4, 8.0, 9.0 and 10.0. All experiments were performed at
22-24 °C.

Carboxy-seminaphthorhodafluor-1 (C-SNARF-1; Invitrogen) was used to
measure pH;. Oocytes were injected with the dextran-SNARF-1 (MW 70,000;
357 uM) mixed with the cRNA 2-3 days before recording, while the N2A
cells were loaded with the cell-permeant SNARF-1 acetoxymethyl ester (5
uM) and recorded within the following 2 h. Two regions of interest (ROI)
were defined, one inside the cell for pH; and another outside for the
background signal. In the oocytes, the ROIs were 15 X 150 um in size (2250
pixels) and the intracellular ROl was placed near to the cell-to-cell contact
area, while the ROIs in N2A cells were the size of the cell (approximately 12
um of diameter; 240 pixels). Using the 568-nm excitation line of a krypton-
argon laser confocal microscope (MRC-1024, BioRad), the fluorescence
emitted from the ROIs at wavelengths of 570/40 nm and 640/40 nm was
collected by two independent photodetectors (255-gray levels), every 1
min in oocytes and every 10 s in N2A cells. After background subtraction,
the mean fluorescence intensities at the two emissions were used to obtain
the 640/570 ratios that were converted to pH values against the intracel-
lular calibration pH (43). The accuracy of the pH dependence of the
emission ratios was preserved in the pH; range of 5.5 to 8.5.
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